Abstract: Meat quality characteristics have been measured on fresh and previously frozen meat as part of genetic studies, but freezing of meat may alter its quality characteristics and, therefore, the relationships between genetic components and meat quality measurements. Pork color, pH, and drip loss measurements performed on longissimus dorsi from the carcasses of 2027 crossbred commercial pigs when either fresh or thawed after frozen storage were used to estimate genetic parameters using a bivariate animal model in ASReml. Meat quality traits measured before and after freezing and thawing were significantly (P < 0.0001) different from each other and intramuscular crude fat content exerted a large effect on the magnitude of change in L* (lightness) and b* (yellowness). Meat quality measurements of fresh pork were moderately to highly heritable except for b* and pH, with heritability estimates for L*, pH, and drip loss greater when measured on fresh rather than frozen-thawed samples. Considering heritability and genetic correlation results, we concluded that whilst either fresh or frozen-thawed pork samples can be used for fresh pork L*, a* (redness), and b* measurements, pH, and possibly drip loss should be measured in fresh pork samples rather than in those that have been frozen-thawed during genetic selection for fresh pork quality.
Introduction
Meat is a major source of highly biologically available proteins and micronutrients that are necessary for physical health (Williams 2007) . The global meat export industry has been estimated to be worth more than US$ 13 billion (Leygonie et al. 2012a ) and freezing meat plays an essential role in prolonging meat shelflife and ensuring meat safety during global transport (Williams 2007) . Consumers commonly freeze meat after purchasing it to manage domestic meat supply and meat is also frozen by researchers to manage sample inventory and analysis volumes, despite wellknown freeze-thaw-induced changes to meat quality (Leygonie et al. 2012a ). Meat quality characteristics that may change as a result of freezing and thawing include meat pH, color, drip loss, Warner-Bratzler shear force, and sensory properties (Deatherage and Hamm 1960; Ngapo et al. 1999; Lagerstedt et al. 2008; Vieira et al. 2009; Leygonie et al. 2012b) . The effects of freezing on meat quality appear to arise from the formation of ice crystals on muscle cell and organelle membranes during freezing and the inability of water to be re-bounded by the myofilaments during thawing (Leygonie et al. 2012b ). When meat is subjected to freezing and then thawing, there can be a reduction in Z-disk density and a loss of myofibril integrity (Yu et al. 2010) .
The extent of changes to meat quality, especially to water-holding capacity, that occur with freezing and thawing are very much dependent on the rates of freezing and thawing. According to Yu et al. (2010) , a rapid freezing rate and a slow thawing rate will have minimal effects on thaw loss, cook loss, and protein solubility, as ice crystals formed during freezing are small and water uptake during thawing is possible (Yu et al. 2010) . The thermal conductivity of fat and water also are different so changes in the rate of freezing and thawing would be expected between water-rich lean muscle and muscle with increased contents of intramuscular fat (Kumcuoglu et al. 2010) .
With many years of selection for production efficiency, the quality of meat has been compromised as indicated by reduced postmortem pH, increased Warner-Bratzler shear values, and increased moisture and protein loss (Lonergan et al. 2001) . To address this, there is increased attention to meat quality improvement (Morgan et al. 1994 ) and substantial research related to the estimation of pork quality genetic parameters has been conducted (Cameron 1990; Lo et al. 1992; De Vries et al. 1994; Knapp et al. 1997; Sonesson et al. 1998; Suzuki et al. 2005; Gjerlaug-Enger et al. 2010; Miar et al. 2014a ). However, none of these studies considered if genetic parameters estimated for meat quality traits were conducted on fresh or previously frozen and subsequently thawed meat. Considering the substantial changes possible in meat quality after freezing and thawing, we hypothesized that genetic parameters estimated from meat quality data obtained from fresh meat will be different to those estimated from data on frozen-thawed meat. The objectives of the present study were to estimate (1) heritability of important meat quality traits measured using fresh and frozen-thawed pork; (2) phenotypic, genetic, and environmental correlations of meat quality measurements of fresh and frozen-thawed pork; and (3) the effect of crude fat content on meat quality measurements in fresh and frozen-thawed pork from carcasses of commercial crossbred pigs.
Materials and Methods
The animals used in this study were cared for according to the Canadian Council on Animal Care (Olfert et al. 1993 ) guidelines.
Animals and management
A total of 2027 crossbred commercial pigs from two companies (1076 samples from Hypor and 951 samples from Genesus) were obtained for this study. All animals were from a typical Canadian three-way cross consisting of a Duroc sire line mated to a F1 hybrid female (Landrace × Large White). Pedigrees on all animals were available, and there were 120 sires. Pigs in both populations were fed ad libitum. All animals were sent to the same processing plant at a target live weight of approximately 115 kg. Details of the pigs and their production conditions were reported in a previous publication (Miar et al. 2014a ).
Meat quality traits measurement
Carcass and fresh meat quality measurements were performed within 24 h post mortem. For fresh meat quality measurements, a chop of the longissimus dorsi loin muscle at the 10th rib of the right carcass was collected and bloomed for a minimum of 15 min at room temperature before pH and Minolta color measurements. Fresh meat pH measurements were taken at two locations on the chop using an Oakton pH/Ion 510 Bench pH/Ion/mV meter with a Kniphe electrode (double junction pH electrode) inside a Kniphe sheath with a stainless steel tip, and their average was used for the final statistical analysis. Prior to pH measurement, the electrode was calibrated with commercial pH buffers (pH 4.01 and 7.01) using a two point calibration method. Fresh pork color was described by the color system values specified by the Commission Internationale de l'Eclairage (CIE), where L* is lightness, a* is redness, b* is yellowness, and values were measured using the C illuminant at four locations on each chop with a Minolta CX-10 colorimeter (Konica Minolta Sensing Inc., Japan), and the average was used for the final statistical analysis. Fresh meat drip loss was evaluated using a second loin chop that had been trimmed of fat and bone. The trimmed chop was weighed and then placed on a stainless steel grid above a tray and spaced so that none of the samples touched another. Chops were stored at 2°C for 48 h on the stainless steel grid and tray and then re-weighed (Barton-Gade et al. 1994 ). The drip loss was expressed as the percentage of weight loss of the initial weight.
A portion of the remaining pork loins (4th-7th ribs) was harvested from the right side of each pig carcass, packaged under vacuum, and frozen (−20°C) within 24 h of exsanguination. Packaged loins were maintained frozen until prepared for frozen-thawed meat quality measurement. For the frozen-thawed meat quality measurements, the frozen pork loins were thawed for 61 h at 4°C. Meat pH was then measured using an Accumet AP71 Portable Waterproof pH Meter (Fisher Scientific Company, Toronto, ON, Canada) equipped with a glass electrode calibrated at room temperature using standards of pH 4.01 and 7.01. The pH probe was used to measure pH at three different locations within 2.5 cm of the posterior of the longissimus dorsi section, and the mean of the three pH values was used as the final value for statistical analysis. Pork color was again described by the CIE color system but with a Minolta CR-400 Chroma Meter (Konica Minolta Sensing Inc., Japan) using the D65 illuminant. A chop about 2.5 cm thick was cut from the posterior of the 4th-7th rib pork loin section and bloomed for 1 h at 4°C prior to color measurement. Color measurements were then taken from three different locations on the surface of the bloomed muscle, and the average value for each color value was used for the final statistical analysis. For frozen-thawed pork drip loss measurement, the plastic bag method (Honikel 1998 ) was used. In brief, a 100 ± 10 g pork chop was cut transversely with the direction of muscle fibre, trimmed of epimysium, fat and bone, weighed and suspended by a metal hook in a closed plastic bag for 24 h. The bag was inflated sufficiently to prevent contact with the meat. Again, drip loss was expressed as the percentage of weight loss of the initial sample.
SoxtecTM 2050 apparatus (FOSS analytical, Soxtec) was used to measure marbling as intramuscular crude fat (960.39) of a chop from the frozen pork loin section by following AOAC (1995) methods. In brief, about 2 g of ground, freeze-dried longissimus dorsi muscle were weighed and placed into a cellulose extraction thimble of known weight and fat extracted using petroleum ether as solvent. Duplicate analyses were performed on each loin and the average was used as the final value for statistical analyses.
Statistical analyses
Meat quality measurements from fresh pork were first calculated and presented by Miar et al. (2014b) and a subset of the data was used in this study. All phenotypic records outside the mean ± 4 standard deviations (SD) were considered as outliers (30 in total) and deleted from the data set. After data trimming, the data followed a normal distribution tested through the univariate procedure in SAS version 9.3 (SAS Institute Inc.). The difference (Δ) in average color and pH between fresh and frozenthawed samples was tested by paired t test (dependent t test) using SAS version 9.3 (SAS Institute Inc.) with a significance level of P < 0.0001.
Phenotypic, genetic, and environmental variances and covariances were estimated using a bivariate animal model in ASReml (Gilmour et al. 2015) . The analysis was performed for all pairwise meat quality traits between fresh and frozen-thawed pork regardless of different methods being used for drip loss; they were treated as independent traits. The analysis was performed within the fresh samples and frozen-thawed samples as well. The bivariate animal model can be described as
where y 1 and y 2 are vectors of phenotypic values for any two paired traits considered in the model; b 1 and b 2 are vectors of fixed effects for trait 1 and trait 2, respectively; a 1 and a 2 are vectors of random additive genetic effects; c 1 and c 2 are vectors of random contemporary group effects; e 1 and e 2 are vectors of random residual effects; and X, Z, and W are known design matrices for fixed effects, random additive genetic effects, and random contemporary group effects, respectively. The fixed effects included company (Hypor and Genesus) and sex (male and female), and crude fat content was fitted as a linear covariate. The random contemporary group is a combination of slaughter batch, year, and growing groups during the test (∼70-115 kg) with 57 levels for Genesus and 44 for Hypor. Multivariate normal distributions were assumed for the random vectors a, c, with means equal to 0, which leads to E(y) = Xb. The variance-covariance matrix for the random effects is described as below: I n e σ e 1 e 2 0 0 0 0 I n e σ e 1 e 2 I n e σ 2 e 2 3 7 7 7 7 7 7 7 7 7 7 5
in which σ 2 a 1 and σ 2 a 2 are the additive genetic variance for trait 1 and trait 2, respectively, and σ a 1 a 2 is the genetic covariance between the two traits; A is the additive genetic relationship matrix constructed from the pedigree, which consisted of 8372 animals in total in the pedigree file; σ 2 c 1 and σ 2 c 2 are the variance of contemporary group effects for trait 1 and trait 2, respectively, and σ c 1 c 2 is the covariance between the two traits due to the same contemporary groups; covariance between different contemporary group effects were considered 0; I n c is the identity matrix with dimension n c × n c , in which n c is the number of random contemporary groups; σ 2 e 1 and σ 2 e 2 are the residual variance for trait 1 and trait 2, respectively, and σ e 1 e 2 is the residual covariance between the two traits; and I n e is the identity matrix with dimension n e × n e , in which n e is the number of animals with records. Variance and covariance components were estimated by restricted maximum likelihood. Phenotypic variance and covariance were calculated as σ
and σ p 1 p 2 = σ a 1 a 2 + σ c 1 c 2 + σ e 1 e 2 , respectively. The phenotypic and genetic correlations were then estimated as
The heritability was defined as h 2 = σ 2 a =σ 2 p . Heritability estimates were reported as the averages of all bivariate analyses of the trait.
Results and Discussion
Changes in meat quality from fresh to frozen-thawed Direct comparison of the data derived from drip loss and color measurement conducted before (fresh) or after (frozen then thawed) freezing in this experiment were complicated by different methods being used to estimate drip loss and by the use of a different illuminant for measuring color in fresh and frozen product. Color data from the different illuminants were compared in a paired t test because CIE L*, a*, and b* values between the illuminants are highly correlated (r > 0.96) and of little numerical difference (Sun et al. 2017) , confirming that the color measurements from the fresh and frozenthawed pork were comparable. Sun et al. (2017) concluded that the specific illuminant used (C or D65) was less important than its relationship with other measurements. Similarly, for pH, a pH meter standardized using commercially available standards would yield representative pH values regardless of its manufacturer.
The differences in the methods used to assess drip loss in fresh and previously frozen product in this experiment, however, were substantial and there was clear confounding between method used and the treatment of the product. As a result, although drip loss before and after freezing and thawing was considered in genetic analysis, there were no paired t tests between the fresh and frozen drip loss data.
Paired t tests (Table 1) showed that the changes in measurement values from fresh to frozen-thawed samples were significant (P < 0.0001) for meat color (L*, a*, and b*) and pH. Freezing and thawing pork appeared to darken it (decreased L* and b*, increased a*) when the mean of previously frozen chops was compared with that of the fresh samples (Table 1 ). The mechanism of this color change can be explained by the inter-convertibility of oxy-myoglobin (red), deoxymyoglobin (purple), and met-myoglobin (brown). A related enzymatic reducing system which reduces met-myoglobin back to myoglobin may be responsible for the color change (Livingston and Brown 1981) . The enzymatic reducing capacity in muscle is generally referred to as met-myoglobin reducing activity (MRA) (Abdallah et al. 1999 ) and in fresh muscles, due to high MRA, the originally formed brown met-myoglobin will be rapidly reduced to purple deoxy-myoglobin and then re-oxygenated to red oxy-myoglobin, making the meat "bloom". However, when the meat is frozen, met-myoglobin will accumulate on the surface of the meat due to decreased activity of the related enzymes and darken the color of the meat (Abdallah et al. 1999) . The underlying mechanism is that the damage to mitochondria caused by ice crystals formed during freezing will result in the release of an enzyme β-hydroxyacyl CoA-dehydrogenase (HADH) from the mitochondrion into the sarcoplasm (Chen et al. 1988 ), leading to the depletion of nicotinamide adenine dinucleotide hydrogen, a co-factor essential for metmyoglobin reducing enzymes, resulting in the accumulation of met-myoglobin in the surface of the meat (Abdallah et al. 1984) . At the same time, the related enzymes might be lost with the exudate caused by the thawing process, and (or) due to oxidation during thawing, and (or) be used by other biochemical reactions (Leygonie et al. 2012a) , and all these events may contribute to the loss of bloom.
In fresh meat, the intramuscular ultimate (24 h) pH is mainly affected by the muscle glycogen concentration at the time of slaughter (Bendall and Swatland 1988) and Note: SD, standard deviation; SEM, standard error of the mean; L*, lightness; a*, redness; b*, yellowness.
the rate of anaerobic glycolysis post mortem (Duclos et al. 2007 ). In frozen meat, anaerobic glycolysis, which contributes to the decline of muscle pH post mortem, is restricted because of low temperature and the lack of available water. However, during the thawing process, anaerobic glycolysis will reinitiate if there is ATP remaining in the cell, causing a continuous decline of pH (Lundberg et al. 1987) . Our results showed that muscle pH differed by 0.20 units from fresh to frozen-thawed samples, which is consistent with the aforementioned mechanism (Table 1) . Alternatively, there is a possibility that exudate produced through thawing could denature buffer proteins, which in turn might lead to the release of hydrogen ions and the decline of meat pH (Leygonie et al. 2012a ). The drip loss of the pork was about 6% greater for the frozen-thawed samples (7.23%) than the fresh samples (1.21%). Freezing and thawing have been shown to contribute to decreased water-holding capacity of meat (Ngapo et al. 1999; Vieira et al. 2009 ). The cause of this waterholding capacity loss during freezing and thawing is believed to be related to the disruption of the muscle fibre spatial structure and the modification and denaturation of related proteins (Savage et al. 1990 ). The substantial difference in drip loss between the fresh and frozen-thawed pork most likely was not solely due to freezing and thawing in this study because two different methods were used to assess drip loss, and so no statistical comparison was performed. The method employed prior to freezing for fresh measurement was based upon that described by Barton-Gade et al. (1994) , while that used after freezing and thawing was based on that of Honikel (1998) . Differences between the two methods worthy of note are that the Barton-Gade et al. (1994) method introduces contact with a grill for 48 h, whereas the Honikel-type method minimized contact by suspending the pork on a hook for 24 h. Further, the Barton-Gade et al. (1994) method trimmed only subcutaneous fat once the chop was deboned, whereas both subcutaneous fat and epimysium were trimmed in the Honikel (1998) method to standardize the sample size. The additional trimming applied in the Honikel (1998) method may have exacerbated drip loss as additional cutting would increase the cell damage incurred, although drip was allowed for only 24 h with the bag method rather than the 48 h of the horizontal grill method used for fresh. Both methods are gravimetric, however, and gravimetric methods tend to be highly correlated (r = 0.90-0.92) (Otto et al. 2006 ). In addition, the difference in drip loss value expected from each of the two methods employed is about 2% (Enfält et al. 1997; Otto et al. 2006) . As a consequence, examination of the efficacy of genetic selection for drip loss before or after freezing and thawing was warranted but interpreted with caution by taking into consideration that the drip loss methods were different.
Crude fat content effect on meat quality changes
Fat occurs in most tissues in the body and in four anatomical "depots", namely internal, subcutaneous, intermuscular, and intramuscular (Webb 2003) . Based on our meat consumption habit, intramuscular fat is primarily the portion being consumed among the four compartments, which makes it the most important fat factor influencing meat quality, especially for meat flavour, juiciness, and tenderness. According to previous research, intramuscular fat influences meat flavour and juiciness directly and tenderness indirectly (Nishimura et al. 1999; Jeremiah et al. 2003; Wood et al. 2008; Hocquette et al. 2010) . Based on this, crude fat content may also have an effect on the changes of meat quality traits measured on fresh and frozen-thawed pork.
In this study, Figs. 1A and 1C showed that, with the increase of crude fat content, the changes in L* and b* with freezing and thawing both increased and then decreased. In Fig. 1A , as crude fat content increased up to 4% intramuscular fat, there was an associated increased difference in mean L* value between fresh and frozen-thawed pork. Why this occurred was unclear, although HADH activity that may reduce MRA may be increased in muscles with increased intramuscular fat because these muscles may have additional Type I oxidative muscle fibres, but muscle fibre type was not assessed in this study. In addition, cell damage caused by freezing may compress and deform myofibrils (Grujić et al. 1993) , which may increase light absorption, resulting in decreased L* value (Table 1) . Because crude fat can reduce the muscle cell damage caused by freezing, it is expected that with the increased crude fat content, the difference of L* should be decreased as shown in Fig. 1A . For pig skeletal muscles with more than 70% water (Dickerson and Widdowson 1960) , the effective thermal conductivity will increase with decreasing temperature due to the freezing process; however, for muscles with increased fat content, the effective thermal conductivity will be relatively stable (Kumcuoglu et al. 2010) . That is, the potential for cell damage caused by the ice crystals formed during freezing is greater in muscles with low intramuscular fat content than those with high fat content. The "turning point" in the difference between fresh and frozen-thawed L* values at about 3%-4% might be caused by the increased crude fat content itself leading to an increased reflection of light, counteracting the decreased light reflection caused by other mechanisms. For example, enzymes capable of reducing met-myoglobin to myoglobin might be lost with the exudate, contributing to the loss of bloom (decreased b*) (Livingston and Brown 1981) . The variation in the change in b* values (Fig. 1C) , as well as in a* values (Fig. 1B) , with freezing and thawing with crude fat content, can be explained in a similar manner; however, further additional mechanistic experiments on meat color and its relationship with crude fat content are needed to determine the causal relationships between the two.
Heritability
The heritability estimates of meat quality measurements from fresh and frozen-thawed pork are shown in Tables 2 and 3 , and those from the fresh pork were first calculated and presented by Miar et al. (2014b) . For meat color, L* and a* measured on fresh and frozen-thawed pork had low to moderate heritability. The heritability estimates newly calculated in this study for the five measurements on fresh meat were in agreement with those calculated in our previous study (Miar et al. 2014b ) and other reports (Van Wijk et al. 2005; Gjerlaug-Enger et al. 2010) , except a slight difference for b* (0.10) and pH (0.07), which might be caused by different population composition, editing and (or) modelling, or just because this was a subset data of our previous research (Miar et al. 2014b) . When comparing the two paired measurements, the heritability estimate for a* on frozen-thawed samples was comparable to that on fresh samples when their standard errors (SE) were considered. However, heritability estimates of L*, pH, and drip loss were higher Fig. 1 . Changes of meat quality from fresh to frozen-thawed with crude fat content. Crude fat content is expressed as percentage of wet tissue and divided into five groups: ≤1%, 1%-2%, 2%-3%, 3%-4%, and ≥4%. L*, lightness; a*, redness; b*, yellowness. when using the data measured on fresh meat. For pH, the heritability estimated on fresh meat was 0.07, which was within the range of 0.07-0.39 reported by other literature (Cameron 1990; Hovenier et al. 1992; De Vries et al. 1994; Hermesch et al. 2000; Suzuki et al. 2005; Van Wijk et al. 2005; Gjerlaug-Enger et al. 2010 ). However, the estimated heritability for pH on frozen-thawed samples was extremely low (0.02), indicating that the effects of freezing and thawing obscured genetic effects. This result indicated that pH will appear much less heritable in frozen-thawed meat than in fresh meat. The heritability of drip loss was moderate (0.33) for the fresh measurement, which agreed with other reported results that ranged from 0.14 to 0.33 (Hovenier et al. 1992; De Vries et al. 1994; Hermesch et al. 2000; Suzuki et al. 2005; Gjerlaug-Enger et al. 2010; Miar et al. 2014b ), but was low for the frozen-thawed measurement (0.09). These results may have arisen from different methods being used for the fresh and frozen-thawed drip loss assessment; however, the methods used were both gravimetric methods and vertical and horizontal drip methods tend to be highly correlated to each other and to carcass characteristics (Otto et al. 2006) . Again, the substantial influence of ice crystal damage would increase the random error variance related to drip loss (Ngapo et al. 1999; Vieira et al. 2009 ). In genetic evaluation and selection program, traits that are highly heritable will lead to increased accuracy of genetic prediction, and therefore will yield an increased genetic response to selection. For this reason, the use of fresh rather than frozen-thawed pork is recommended for pH and drip loss measurements for breeding and selection of pigs, with drip loss to be estimated using the Barton-Gade et al. (1994) method.
Correlations between meat quality characteristics of fresh and frozen-thawed pork
The phenotypic, genetic, and environmental correlations of meat quality measurements between fresh and frozen-thawed pork are shown in Table 4 . Measurements on fresh and frozen-thawed samples showed high (>0.6) genetic correlations with the exception of b* (0.44) and drip loss (0.24), meaning that selection for L*, a*, and pH on fresh pork was likely to cause genetic change in their corresponding frozen-thawed status. These results implied that genetic selection for L* and a* on frozen-thawed pork will concomitantly influence fresh pork appearance, which is reassuring as consumers frequently employ freezing and thawing procedures when managing personal food inventories. However, the relatively low genetic correlation of drip loss between fresh and frozen-thawed pork suggests that selection based upon the drip loss method of Honikel (1998) using frozen-thawed pork would likely lead to decreased genetic improvement for fresh pork meat. Water-holding capacity is very important for industrial carcass yield (den Hertog-Meischke et al. 1997; Huff-Lonergan and Lonergan 2005) , and for consumers; it is closely related to the perceived value of a purchase (Offer and Trinick 1983; den Hertog-Meischke et al. 1997 ). However, due to the low genetic correlation between fresh drip loss measurements conducted using the Barton-Gade et al. (1994) method and frozen-thawed drip loss measurements with the Honikel (1998) method, instead of selecting for this trait on frozen-thawed pork directly, we should understand the freezing and thawing procedures that would ensure that drip loss variation due to freezing and thawing was minimized. Moderate phenotypic correlations between fresh and frozenthawed measurements were observed for L* and a*, whereas very low correlations were found for b* (0.06) and drip loss (0.14), indicating that prediction of frozenthawed meat color from fresh meat color would be unreliable. Although the meat color may have no direct correlation with eating satisfaction (Carpenter et al. 2001) , the favorable color of meat (red) will orient consumer purchasing because red color can stimulate appetite (Singh 2006) , reinforcing the importance of developing other prediction methods for frozen-thawed meat color from fresh meat color. The environmental correlations were moderate for all traits except for drip loss (0.07), indicating that the same environments may determine the measurements of meat quality from fresh to frozen-thawed, that is, different freezing strategies, like time and temperature, will lead to the variation of meat quality changes from fresh to frozen-thawed status. In comparison, greater genetic correlations were observed between fresh and frozen samples for L*, a*, and pH, indicating that for these measurements, selection based on measures of frozen samples could lead to corresponding genetic progress in the fresh samples or vice versa. However, for b* and drip loss, genetic selection for fresh quality measurement based on measurement of frozen product or vice versa (with concomitant method considered with regard to drip loss) would lead to decreased genetic progress.
Furthermore, the genetic correlations estimated within fresh and within frozen-thawed samples (Tables 5 and 6) showed that in fresh samples, L* and a* had low negative genetic correlation (−0.24) compared with medium negative correlation (−0.44) of its frozenthawed counterpart. High genetic correlation (0.76) between L* and b* was observed in fresh samples and medium genetic correlation (0.48) was shown in frozenthawed samples. Medium to high negative genetic correlation of L* and pH (−0.59) was shown in fresh samples compared with high negative correlation observed in frozen-thawed ones (−0.74) . Genetic correlation between L* and drip loss was comparable within fresh samples (0.57) and frozen-thawed samples (0.51). Based on the result that genetic correlations estimated in fresh and in frozen-thawed samples between L* and a*, L* and b*, a* and b* were all moderate to high, we could use either fresh or frozen-thawed samples for L*, a*, and b* measurements. With very low genetic correlations observed between a* and pH (0.08), b* and drip loss (0.13) in frozen-thawed samples, as well as a low genetic correlation between pH and drip loss in frozen-thawed samples than in fresh samples, pH and drip loss should be measured in samples that are fresh rather than frozenthawed, with the Barton-Gade et al. (1994) method for drip loss, for genetic selection.
Conclusions
Based on the results that genetic correlations estimated in fresh and in frozen-thawed samples between L* and a*, L* and b*, a* and b* were all moderate to high, genetic correlations between a* and pH, b* and drip loss in frozen-thawed samples were low, as well as genetic correlations of pH and drip loss estimated in frozen-thawed Table 6 . Phenotypic correlations (above diagonal) and genetic correlations (below diagonal) and their standard errors for meat quality traits measured on frozen-thawed pork m. longissimus dorsi. Note: L*, lightness; a*, redness; b*, yellowness.
Trait
samples were smaller than in fresh samples, it can be concluded that either fresh or frozen-thawed samples could be used for L*, a*, and b* measurements, but pH and drip loss should be measured in fresh samples rather than in frozen-thawed ones for genetic selection.
